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There has been little research on the benefits and risks associated with the use of seeds from more 
southerly seed sources. Temperature requirements and thermal time parameters were determined for 
six P. sylvestris provenances selected to represent a wide latitudinal range across the species. 
Distribution and thermal time parameters were used to predict field emergence under current and 
predicted future climatic conditions for southern England.There were significant differences among 
provenances in germination capacity. Southern provenances had a higher germination capacity, 
germinated earlier and more rapidly over a wider range of temperatures than northern provenances.  
 
 
1. Introduction 
 
    Plants that develop from seeds germinating today and in the future will face unprecedented rates of climate 
change, resulting in large vegetation shifts and long-distance plant migration towards high latitudes. The 
expected global temperature rise will have contrasting results, resulting in range expansions and/or contractions 
for many species (Matías and Jump, 2012). Little is known about the effect of increasing global temperatures due 
to climate change on germination of seeds collected from different geographical locations. Natural regeneration 
of P. sylvestris consists of many phases, e.g. maturation, germination, early survival of seedlings. Certain 
climatic conditions must be fulfilled during several years before successful regeneration can take place. 
According to Farmer (1993), some conifers growing at higher latitudes fail to complete embryo development due 
to the short growing season, with implications for low seed viability. In P. sylvestris and other coniferous species 
growing near the northern limit of their distribution, seed development can be arrested or modified due to frost 
and low heat-sum accumulation during seed maturation. Pinus sylvestris has the largest geographical distribution 
among pine species, and is one of the most widespread conifers. This wide latitudinal distribution results in this 
species growing under strongly differentiated environmental conditions throughout its range, with the greatest 
contrast at northern and southern range edges (Matías and Jump, 2012).There are few experimental studies that 
assessed the direction of change in P. sylvestris range at higher and lower latitudes in response to future climate 
alterations. The objectives of the study were to determine the germination capacity and thermal time parameters 
for germination of six provenances of P. sylvestris from a range of latitudes (45 to 70°N), and predict the field 
emergence of these species provenances using the thermal time parameters and climate data. 
 
2. Materials and Methods 
 
    Table below shows the geographic and climatic details for the six P. sylvestris provenances used in this study. 
Provenances are shown in order of decreasing latitude. 
 
Table 1.  Geographic and climatic details for the six P. sylvestris provenances used.  
 
Provenances Latitude 
(N) 
Mean annual 
temperature (°C) 
Year of collection 
Northern Finland 68°16' -1.3 2011 
Southern Finland 60°48' 3.9 2011 
Scotland 55°06' 7.9 2010 
Southern England 52°07' 9.0 2011 
Northern France 48°59' 10.3 2006 
Southern France 45°47' 11.5 2009 
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2.1. Germination tests 
 
    Germination tests were carried out in germination chambers. For each combination of chilling treatment and 
incubation temperature, four replications of 50 seeds were used. For each replicate, seeds were sown on a sheet 
of moist filter paper. The filter paper was continuously moistened using deionized water through an absorbent 
filter wick. Three chilling durations (zero, four and eight weeks) at 4 ± 1 °C and four pseudo-replicates per 
treatment were incubated at ten constant temperatures (7, 10, 13, 15, 17, 20, 25, 30 33, and 35 °C) for 21 
days.Germination was considered successful when the radicle protruded to three times the length of the seed (5 
mm). 
 
2.2. Thermal time model 
 
    Thermal time parameters were estimated using a method described by Jinks et al. (2006). For each seed 
source, cumulative germination data for each day of germination tests at sub-optimal and optimal temperatures 
(≤ 20 °C) were used to estimate thermal time to 50% germination ( )using the General Linear Model (GLM) 
procedures of Genstat. The maximum number of germinated seeds recorded in each treatment combination were 
used as the binomial totals for fitting the models (McCartan et al., 2015). According to Ellis et al. (1986), the 
values of thermal time to 50% germination can be estimated iteratively using repeat probit regression. The 
distribution of thermal time requirements is given by : ;  
Where probit (g) = probit units of germination; T = temperature; Tb = base temperature; tg = time to germination 
percentage g;  = thermal time for a given percentage of germination g in degree-days; σ = the standard 
deviation of thermal time for germination, and ; k = a constant. Thermal time to 50% germination is directly 
estimated as:  Where β1 = k; and β2 = 1/σ. 
 
2.3. Climatic data and germination predictions 
 
    Temperature and precipitation values for the period 1961-2013 were obtained from the Climate Research Unit 
(CRU) of the University of East Anglia. Mean temperature and precipitation values were used to predict the field 
germination period and capacity of seed after dispersal in southern England (50° 75´ N and 1° 75´ W)  under 
current climate conditions and future climate predicted by the Intergovernmental Panel on Climate Change 
(IPCC) for scenario A2 (+2.5ºC and +4.5ºC for winter and summer mean temperatures, respectively, relative to 
the 1961-1990 baseline). The predictions assume that provenances received either no pre-chill (NPC, mild winter 
scenario) or the equivalent of a three-week pre-chill.  
 
2.4. Data analysis 
 
    Generalized linear mixed models (GLMM) were fitted to the data to determine the germination capacity (%) 
with a binomial error distribution and logit link function. Generalized linear regression model (GLM) and the 
thermal time parameters were used to predict germination of each provenance under current and future climates, 
following different chilling durations. The 1st of March was used as a starting point for thermal time 
accumulation. 
 
3. Results 
 
3.1. Germination capacity 
 
    Germination capacity ranged from 0 to 98 %, with the French provenances germinating (6 %) at the lowest 
temperature (7 °C) (Fig. 1). The germination capacity increased with temperature from 7 °C up to 20 °C and then 
decreased at higher temperatures (Fig. 1).  
 
    A similar pattern was observed across the provenances indicating that the optimum germination temperature 
for all of them in this study is 20 °C regardless of chilling duration. Temperatures of 30 to 35 °C were 
unfavourable for germination resulting in very small number of germinants, but maximum temperatures could 
not be accurately determined due to the low number of germination temperatures in the supra-optimal range. The 
negative influence of temperatures above 20 °C was evident in unchilled seeds (Fig. 1). The provenance from 
northern Finland had a lower germination capacity than other provenances at most of the temperatures, while 
provenances from France had a higher germination capacity than other provenances at most of the temperatures 
(Fig. 1).  
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Figure 1. Germination capacity as a function of temperature in six provenances of P. sylvestri (a- zero, b- four and c- eight 
weeks chilling). 
3.2. Thermal time model 
 
    Provenances had relatively similar values for thermal time to 50% germination, except for the Finnish 
provenances, which were different from each other and other provenances (Fig. 2). Without chilling,  was 
highest (114.8 degree-days) for the provenance from northern Finland and lowest (71.4 degree-days) for the 
provenance from southern Finland. The other four provenances had  between 98.0 and 101.5 degree-days. 
After four weeks of chilling  decreased in all but the provenance from southern Finland and was between 
69.3 degree-days and 93.1 degree-days (Fig. 2). After a further four weeks of chilling (i.e. after eight weeks 
chilling),  decreased in four provenances but increased in the provenances from southern England and 
Scotland. Differences in thermal time parameters indicate varying degrees of dormancy and chilling 
requirements among provenances. 
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Figure 2. Thermal time to 50% germination (degree-weeks) trajectories for six provenances of P. sylvestris after different 
chilling durations (zero, four, and eight weeks) based on germination capacity at sub-optimum temperatures (7 to 20 °C). 
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3.3. Germination predictions: current climatic conditions 
 
    Germination of unchilled seeds of the provenance from southern France starts in April, but that of 
provenances from Finland does not start until June (Fig. 3). The provenance from southern France reaches 100% 
germination by the end of May without chilling; the provenances from Finland does not reach 100% by the end 
of June (Fig. 3). After four weeks of chilling most provenances are expected to start germinating in early May 
and reach 100% germination by the end of the same month; the exception is the provenance from northern 
Finland, which does not reach 100% germination until late June (Fig. 3). After eight weeks of chilling the 
provenance from northern Finland reached 100% germination by the beginning of June.  
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Figure 3. Germination predictions for six provenances of P. sylvestris under present (1982-2012) southern England climatic 
conditions following different chilling durations: zero, four and eight weeks. (Mar1 = first quarter of March; Mar2 = second 
quarter; Mar3 = third quarter and Mar4 = fourth quarter, etc.). 
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3.4. Germination predictions under future climatic conditions 
 
    Unchilled seeds of provenances from France and the United Kingdom will germinate earlier than those of 
provenances from Finland (Fig. 4). For example, the southern French provenance will be expected to start 
germinating in early March, while Finnish provenances will not start germinating until the end of April (Fig. 4). 
Unchilled seeds of the provenance from southern France are expected to germinate earlier than chilled seeds. 
Chilled seeds of all provenances, except those from Finland follow similar trajectories, reaching maximum 
germination in mid-May.  
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Figure 4. Germination predictions for six provenances of P. sylvestris under future (2090-2099) climatic conditions for 
southern England (IPCC A2 scenario) following different chilling durations: zero, four, and eight weeks. (Mar1 = first 
quarter of March; Mar2 = second quarter; Mar3 = third quarter and Mar4 = fourth quarter, etc.). 
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4. Discussion & Conclusion 
 
4.1. Germination characteristics in response to temperature 
 
    This experiment did not examine all the abiotic (e.g. nutrients, precipitation and physical barriers) and biotic 
factors (e.g. competition and predation) that may change as the climate warms; it focused on temperature 
because this factor has on several times been shown to be one of the most important environmental variable 
regulating the germination of seeds (Probert et al., 1989). For any non-dormant seed, germination is possible 
only within well-defined temperature limits defined by three cardinal temperatures: the minimum and ceiling 
temperatures beyond which germination do not occur, and the optimum temperature, at which maximum 
germination occurs in the shortest time (Bewley and Black, 1994). The results of this experiment suggests that 
20 °C is the optimum temperature for germination of P. sylvestris. Provenance variation in optimal temperature 
probably indicate that seeds from different provenances are optimally adapted for only a portion of the 
environmental conditions experienced across the species range, but was not apparent in the provenances used in 
this study. The decline in germination capacity at higher temperatures (>20 °C) is consistent with previous 
reports (Lonati et al., 2009), and may be an ecological adaptation to limit seedling losses due to out-of-season 
germination when moisture is insufficient to sustain growth. High temperatures are thought to reinforce or 
induce seed dormancy to prevent germination during conditions that are unfavourable for seedling survival by 
strengthening the mega gametophyte wall and creating a physical barrier that is impervious to the radicle. In this 
study, many of the seeds that failed to germinate at high temperatures appeared dead, which is in agreement with 
other studies that reported seed death caused by incubation at 35°C in a number of species (Bellairs and Bell, 
1990). Early germination gives seedlings a longer time for development before the onset of adverse conditions. 
At both latitudes, rising temperatures reduced the time to germination, which may have several positive 
consequences for seedling success. An early germination allows seedlings a larger time span for development 
before the onset of adverse conditions. This implies several advantages, such as the vigorous growth of the root 
system, better interception of light, and/or better intra- and inter-specific competitive performance. Therefore the 
expectation is that the future climate will enhance the early stages of Pinus sylvestris natural regeneration at both 
latitudes. As P. sylvestris growth is restricted mainly by cold at the northernmost limit, these results provide 
evidence that the predicted warming is likely to diminish this limitation, which, with the high germination will 
result in significantly enhanced regeneration. However, and in contrast, a delayed germination may be 
advantageous at northern latitudes, as it reduces the possibility of premature germination and late frost damage 
(Milbau et al., 2009).  
 
4.2. Thermal time model 
 
    It should be noted that most of thermal time germination models were developed for crop cultivars, which lack 
genetic variability and in which base temperature has been reported as a constant attribute. However, in non-crop 
species, previous reports have also indicated intra-population variation and lack of stability in base temperature 
values (Hardegree, 2006). This could be due to genetic variability within the seed population or, alternatively, it 
could be related to heterogeneous maternal effects during seed maturation (Baskin and Baskin, 1998).Thermal 
time to 50% germination (θ50) was high in most provenances. However, the highest was observed in the most 
northerly provenance from northern Finland, which had a θ50 for unchilled seeds of 114.8 degree-days. Chilling 
reduced θ50 in most provenances. The provenance from southern Finland did not fit the general pattern and it had 
a low θ50, which increased slightly after four weeks chilling and then decreased after eight weeks. Thermal time 
to 50% germination of the Scottish provenance also increased after eight weeks chilling, probably suggesting 
development of secondary dormancy. According to Melzack and Watts (1982), variation among provenances in 
thermal time to 50% germination could have both environmental and genetic causes. High thermal requirements 
prevent early germination of seeds in harsher climates. These results suggest that northern provenances (with the 
exception of the provenance from southern Finland), generally, require more heat accumulation and chilling 
duration to break seed dormancy than southern counterparts. The earlier breakage of dormancy observed in the 
southern provenances, thus, appears to reflect an adaptation to warmer environments and lack of seed dormancy, 
allowing germination to occur early in the growing season. 
 
4.3. Germination predictions under current southern England temperatures 
 
    The observed thermal time to 50% germination explain the predicted earlier emergence under current field 
conditions of provenances from southern latitudes such as; southern England and France. Early germination in 
these provenances will allow them to establish and gain a competitive advantage (Castro, 2006). However, 
germination prior to spring rains can mean that seedlings do not have sufficient moisture to survive. Seeds from 
higher latitude provenances had a high thermal time to 50% germination and, therefore, do not start germinating 
until June. In southern England, the resulting seedlings will be susceptible to drought, and there is also the 
possibility of seeds going into secondary dormancy. Billings and Mooney (1968) suggested that high 
temperature requirements for germination serve to prevent early or late germination in the brief summer at high 
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latitudes. Local adaptation to historical climates, and corresponding maladaptation to new climates, may be more 
pronounced in northern provenances. The results of the present study show that, except for provenances from 
Finland, the majority of seeds germinate in spring under the current climatic conditions of southern England. 
 
4.4. Germination predictions under southern England temperatures in 2080 
 
    Future forest regeneration will be challenged by changing climatic conditions. The warmer the climate, the 
more germination would occur in early spring instead of late spring and summer. Changes in germination 
patterns reflect periods of relatively high temperatures in winter in the future, while thermal time requirements 
reflect past adaptation to avoid out-of-season germination during short periods of increased temperatures. Thus, 
provenances from northern Finland, which had the highest thermal time to 50% germination, reached 100% 
germination in May while other provenances reached 100% germination in the first quarter of April. The effects 
of early spring germination on seedling survival remains unknown. With the projected increases in temperatures, 
there are possibilities of seeds germinating early, and seedlings being exposed to late frosts. However, the 
number of frost days is likely to decrease substantially during the 2080s, and there should be less risk of frost 
damage for all provenances. The United Kingdom guidelines for Pinus sylvestris currently, recommend using 
seeds from British breeding programmes and avoiding seed sources from continental Europe (Roche et al., 
2018). In Finland, the recommended transfer distance is 150 km north or south to avoid potential damage by 
both late spring and early autumn frosts (Vakkari, 2009). The results indicate that all provenances will be 
successful in a warmer climate and should regenerate successfully provided that there is adequate moisture.  
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